In situ X-ray absorption near edge structure studies and charge transfer kinetics of Na6[V10O28] electrodes.
Introduction
Polyoxometalates (POMs) are a class of transition metal oxide molecular clusters with well-defined structures. POMs have been reported to be promising electrode active materials for energy storage applications such as supercapacitors (SCs), [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] Li-ion batteries (LIBs), and Na-ion batteries (NIBs) 16 due to their ability to undergo fast redox reactions and transfer multiple electrons per polyanion while retaining their innate stability. The stability of a POM electrode is independent from the recoverability of its crystal structure, because the polyanions are expected to undergo redox process as a molecular cluster rather than a continuum. [16] [17] [18] [19] Many different POM materials have been studied for application in SCs. [1] [2] [3] [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] 15 This SWCNT-TBA 3 [PMo 12 O 40 ] as it stores up to 24 electrons in each polyanion. 20 However, the Mo-based POMs show poor capacity retention which might be due to the instability of [PMo 12 O 40 ] 3in the reduced state. N. Sonoyama and his group reported vanadium-based POMs, such as (KH) 9 [PV 14 O 42 ], 21 K 7 [NiV 13 O 38 ], 17 and K 7 [MnV 13 O 38 ], 19 which exhibit high capacity (up to 200 mAh g -1 ) and higher cycling stability than Mo-based POMs.
In the given scientific reports a transfer of multiple electrons per polyanion and high electron transfer rates are postulated. The latter is especially true for the SC studies as these devices rely on very fast processes to deliver high power densities. However, we are only aware of one study that determines the redox states of a POM used as active material in an energy storage device in-situ: H. Wang et al. reported an in-situ Mo Kedge X-ray absorption near edge structure (XANES) measurements on a Keggin-type POM, TBA 3 [PMo 12 O 40 ], and found a 24-electron transfer during the redox process. 20 O 28 ] as electrode material these studies are relevant as well. The information of number of transferred electrons from XANES is connected to the energy density; the electron transfer rate k 0 is tied to the power density that can be achieved by the battery. 
Results and discussion
Material and electrochemical characterization of Na 6 
Figure 3a
shows the V K-edge XANES spectra which were recorded at different potentials vs. Li/Li + from the first reduction to the second oxidation cycle. The data are normalized to edge steps in the XANES energy region. Figure  3b shows the energy range only from 5460 ~ 5510 eV in order to distinguish the variation of V energy shift. The pre-edge baseline can be seen more clearly in the earlier energy region as shown in Figure S2 . The energy shift during charge/discharge processes exhibits reversible processes. The XANES spectra for the first cycle together with those of V 2 O 5 (V 5+ ) and V 2 O 4 (V 4+ ) as comparison are shown in Figure   3b . During reduction, the energy of the pre-edge peaks shifts to a lower energy which indicates that the valence of V is reduced from 5+ to 4+. When oxidized to 4 V, the energy of the pre-edge peaks shifts to higher energy which indicates the valence of V is oxidized from 4+ to 5+. V K-edge XANES absorption edge energies have been employed to identify the valence of vanadium. By using the linear relationship between the V oxidation state and the X-ray absorption edge energy for the reference materials, V 2 O 5 (V 5+ ) and V 2 O 4 (V 4+ ), the averaged valence of the V ions in Na 6 [V 10 O 28 ] can be calculated and plotted as a function of the battery potential. This is shown in Figure 3c . Prior to any electrochemical experiment the Figure S3 . The XPS spectra indicate that during the synthesis process (pH = 4.5), protons induced the partially reduction of . The relation between peak currents (I p ) and square root of scan rate (ν 0.5 ) is illustrated in Figure S4b . The generated two straight lines indicate that the redox-processes are diffusion controlled (I p  ν 0.5 ), 12, 15, 30, 31 and the involved freely diffusing species is most likely the lithium cation. Based on the results from V K-edge XANES absorption edge energies, the charge storage mechanism of Na 6 [V 10 O 28 ] electrode is dominated by the redox processes of vanadium accompanied by insertion/extraction of lithium ion according to the following equation: 
Kinetic studies of Na 6 [V 10 O 28 ] Electrodes:
Kinetic studies were performed in order to see how fast changes in the polyanion are. XAS studies cannot elucidate this as they are done at equilibrium state. With chronoamperometric curves we analyzed the current response of an electrode to a potential pulse with a time resolution of 7.4 ms.
For a liquid-solid interface, the reorganization energy , which represents the required energy to change the nuclear configurations in the reactant and the solvent to those of the product state, can be predicted from first principles. 32 The total reorganization energy for electron transfer consists of the outer reorganization of the solvent , contributed from longrange electrostatic forces, and the inner relaxation of the reactant , contributed from short range bond forces. 23 The outer sphere reorganization energy of POMs is expected to be low because the POM framework shields the electrostatic interaction between redox-center and polar solvent. 22 According to the Born energy of solvation, can be estimated by:
where ε 0 is the permittivity of free space, a 0 the effective radius of the reactant, d the distance from the center of the reactant to the surface of the electrode, ε op the optical dielectric constant and ε s the static dielectric constant. 23 To test whether this assumption of low reorganization energy is correct we determine experimentally by performing potential-step chronoamperometry experiments at temperatures ranging from -10 ˚C to 50 ˚C using a Na 6 [V 10 O 28 ] electrode.
For electrode-electrolyte interfaces, Chidsey's method was used in many surface-bound redox systems in order to extract reaction rates from potential-step chronoamperometry experiments by fitting the linear relationship in the Tafel plots. 33 The transient current generated from a potential step can be fitted to a simple exponential decay:
where Γ is the coverage of the electrode and is the single decay rate representing the rate of reactant consumption. However, equation (3) can be used only for flat electrodes with uniform reaction rates, such as the surface-bound monolayers of redox species, but not for porous electrodes or phasetransforming particles with non-uniform reaction rates. 23 In a porous electrode, the redox dynamics can be modelled as a simple three-state Markov chain with untransformed particles, active particles (transforming, partially intercalated with Li ions), and transformed particles (fully intercalated with Li ions). 23, 35 As shown in Figure 4 , we assume that the ] particles (transformed, blue). k A is the activation rate of each Na 6 [V 10 5+ O 28 ] particle to transform into an activate particle. k is the reaction rate at the surface of active particles that continuously insert/extract lithium ions during redox process. 23, 35 Bai and Tian have reported a statistical model to characterize discrete-particle phase transformations in porous electrode recently. 23, 35 The transient current in response to a potential step can be expressed as: Please do not adjust margins Please do not adjust margins where Q is the capacity, N 0 is the initial fraction of reacting particles in the electrode. N 1 is the initial fraction of inactive particles in the electrode, which is set to zero in this work. 23 We added the contribution from non-faradaic currents that charge the double layer to this model: 0 − / with time constant and current at t=0s I 0 .
In order to determine the electron transfer rates and reorganization energy of Na 6 , Q = 0.292 A s, N 0 = 0.41, and I 0 = 94 mA, where the measured capacity is Q ex =0.288 A s. The lower value for k A than for k might be due to the amorphous structure of Na 6 [V 10 O 28 ] after initial discharge as observed from EXAFS results. The amorphous structure which lacks free channels for Li + diffusion might slow down the speed initial rate of starting
Li ions intercalation (k A ).
Tafel plots of the reaction rates k extracted from chronoamperometric experiments using equation (4) are shown in Figure 5b , where = ( − 0 ′ )/ is the dimensionless overpotential ( is the elementary charge, is Boltzmann constant, and is the absolute temperature). The electron transfer constant k 0 is obtained by extrapolating the linear fits to zero overpotential ( =0). 36 Using the slopes in Fig.   8c to obtain a value for the transfer coefficient yields values of α < 0.1 for both oxidation and reduction (assuming that one electron is transferred n =1). This k 0 value corresponds to the electron transfer of the whole Na 6 [V 10 O 28 ] in which ten electrons participate, as shown by XANES. The kinetic rate constant for a single electron in Na 6 [V 10 O 28 ] 0 ′ is obtained by dividing 0 by the number of for Na 6 [V 10 O 28 ] is roughly 30 times higher than the one for LiFePO 4 ( 0 ′, 4 =2.0 x 10 -4 s -1 ) given in reference. 23 In order to determine the reorganization energy of Na 6 [V 10 O 28 ], we varied the temperature from -10 °C to 50 °C. The reaction rates determined from experiments at -10, 10, 25, and 50 °C are shown in Figure 5c . According to the Arrhenius temperature dependence, the effective energy barrier, , can be extracted by:
where is the Arrhenius constant. The Arrhenius plots of the rate constants under -10, 10, 25, and 50 °C are displayed in Figure 5d . The effective energy barrier, , of Na 6 [V 10 O 28 ] is ca. 49 meV as obtained from equation (5) . This value is ~2.5 times lower than for LiFePO 4 in the literature ( 4 = 110 meV). 23 The effective energy barrier is close to λ/4 according to the classical Marcus theory: 0 3.1 3.2 3.3 3.4 3.5 3.6 3.7 3.8 
Based on equation (6), the reorganization energy of Na 6 [V 10 O 28 ] electrode can be calculated as =197 meV. This corresponds with our estimation for λ o = 98 meV as λ = λ i + λ o . This indicates that ≈ 99 and that and λ o contribute roughly equal to the reorganization energy. Considering the size of the polyanion with its highly coordinated redox-centers this seems reasonable.
Conclusion
In this study, the electron transfer of Na 6 [V 10 O 28 ] was investigated by in-situ V K-edge XANES measurement and chronoamperometric experiments. The two experiments were chosen to investigate two very different time domains of the same process, oxidation and reduction of Na 6 [V 10 O 28 ]. In-situ V K-edge XANES measurements gave information on the electronic structure of the polyanion [V 10 O 28 ] 6in its fully oxidized, fully reduced and three intermediate states.
Chronoamperometric experiments gave information on the dynamic processes that occur at the electrode-electrolyte interface immediately after perturbing the system from steady state by a potential pulse. The electron transfer rate k 0 and, via the temperate dependence of the former, the effective energy barrier G a experienced by the polyanion upon electron transfer could be determined. The two sets of experiments therefore gave complementary information that combined allow a new understanding of the electron transfer in the Na 6 ). 37 Problematic for future high energy applications however is the relatively low redox potential of 
Na 6 [V 10 O 28 ] electrode preparation
The active material (Na 6 [V 10 O 28 ]) was mixed with poly(vinylidene fluoride) (PVDF) binder and carbon black (super P) in N-methylpyrrolidinone (NMP) with a weight ratio of 60 : 20 : 20 to prepare the active layer of the electrodes. The slurry was coated onto Al foil using a doctor blade; the electrode was then dried in air at 80 °C to remove the solvent. The coating was punched into pieces with diameter 16 mm and then roll-pressed. Subsequently, they were dried at 110 °C under vacuum for 4 hours. The film thickness is ~ 22 m.
Electrochemical characterization and kinetic studies
Electrochemical measurements such as cyclic voltammetry and chronoamperometry were conducted in a half-cell configuration. The Na 6 ΄ which was measured as the average of the mean peak potentials of the cyclic voltammetry at different temperatures.
In-situ XANES and ex-situ XPS measurement
The XANES analysis in this work aims to investigate the variation of V valence state at different charge-discharge states. The in-situ XANES cell was a modified 2016 coin cell with Na 6 [V 10 O 28 ] as the working electrode (diameter 16 mm), circular metallic lithium metal (diameter 16 mm) as the counter electrode, and polyolefin (diameter 19 mm) as separator, as shown in Figure S4 . The stainless steel cap, bottom, spacer, and spring were punched in order to generate windows for X-ray penetration. Those windows were covered with Kapton sealed by AB glue. 1M LiPF 6 in EC:DEC (1:1 weight %) was employed as electrolyte. In-situ V K-edge XAS spectra were carried out in transmission mode at room temperature using the beamline BL17C at the National Synchrotron Radiation Research Center (NSRRC), Hsinchu, Taiwan. The electronic accelerator of the storage ring supplied 1.5 GeV with an operating current of 360 mA. A Si double crystal monochromator was employed to perform an energy scan to adjust the parallelism and eliminate higher order harmonics. During in situ XANES measurements, the beam size on the electrode was limited to an area of 2 × 2 mm 2 . The intensity of the incident and transmitted beams through the coin cell were detected by ionization chambers. ) at very low C rate (~ 0.1 C rate) without holding at those potentials to collect XANES data. We also measured XANES of the reference materials, commercial V 2 O 5 (Aldrich, ≥ 98%) and V 2 O 4 (Aldrich, ≥ 99%) powder, using the same measurement conditions. For the comparison of energy shift in XANES spectra, the pre edge subtractions and post-edge normalization have been carried out consistently and carefully. The XANES edge spectra were calibrated precisely to the first inflection point on the rising edge of the spectrum of a vanadium foil standard, which was assigned to 5464.0 eV, in every acquisition scan. Highresolution X-ray photoelectron spectroscopy (HR-XPS, PHI-5000 Versaprobe-II, ULVAC-PHI) was used to derive the oxidation states of the as-synthesized Na 6 [V 10 O 28 ] powder and Na 6 [V 10 O 28 ] electrodes before and after cycling and was carried out by using a monochromatic Al kα source. O 1s (530.0 eV) was used as reference.
